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Abstract 
Photoacoustic microscopy (PAM) offers label-free, optical absorption contrast. A high-speed, 
high-resolution PAM system in an inverted microscope configuration with a laser pulse repetition 
rate of 100,000 Hz and a stationary ultrasonic transducer was built. Four-dimensional in vivo 
imaging of microcirculation in mouse skin was achieved at 18 three-dimensional volumes per 
second with repeated two-dimensional raster scans of 100 by 50 points. The corresponding two-
dimensional B-scan (50 A-lines) frame rate was 1800 Hz, and the one-dimensional A-scan rate 
was 90,000 Hz. The lateral resolution is 0.23±0.03 µm for Au nano-wire imaging, which is 2.0 
times below the diffraction limit. 
Introduction 
Optical microscopes are important research tools for scientists to visualize the morphological details of 
cellular and subcellular anatomy, understand fundamental biological processes, and solve biological 
issues.  As a major method of photoacoustic tomography (PAT) [1-2], optical-resolution photoacoustic 
microscopy (OR-PAM) has been recognized as a novel optical microscopic method with excellent, label-
free optical absorption contrast and high lateral resolution [3-7].  In OR-PAM, transient acoustic waves 
are generated by laser-induced thermal expansion when nanosecond laser pulse energy is deposited 
into a small, focal volume of biological tissue [3].  Hemoglobin in blood, as well as melanin in skin, hair, 
iris, retina tissues, etc., generates excellent endogenous contrast [8-10].  Functional PAT further extends 
the contrast mechanisms for in vivo biomedical imaging [11-12] by providing the quantitative oxygen-
saturation information of hemoglobin or the flow speed information of red blood cells (RBCs).  The 
conjugation of weakly fluorescent, low-scattering, low-absorbing, endogenous targets in non-pigmented 
cells with exogenous contrast agents such as gold nanoparticles allows more biomedical applications 
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such as in vivo detection of circulating cancer cells [13].  A recently published submicron-resolution OR-
PAM study expanded the scope to sub-cellular organelles [3].  However, the imaging speed of this 
submicron-resolution OR-PAM system is limited by both the mechanical scanning stage and the pulse 
repetition rate of the laser.  In this manuscript, we demonstrate a high-speed OR-PAM in an inverted 
microscope configuration with a stationary, ultrasonic transducer and a 100-kHz pulse repetition rate 
laser system for cellular imaging applications.  Moreover, we demonstrate sub-diffraction-limited 
resolution for Au nano-wire imaging. 
      
Materials and methods 
For cellular imaging applications, the small imaging field of view (FOV) and the access to both sides of 
tissue samples favor this system design with two-dimensional (2D) optical scan and a single, stationary 
ultrasonic transducer.  The schematic of our imaging system is shown in Fig. 1.  A pulsed laser (532 nm 
wavelength λ , 2 ns pulse duration, and 100 kHz pulse repetition rate) was used as the light source.  A 
2D Galvo system scanned the collimated laser beam pivotally through the pupil of the optical objective 
(Olympus LCPlanFI, 0.6 NA, infinity corrected). Two achromatic lenses (75 mm focal length) formed a 
standard 4-f system that imaged the scanning Galvo mirrors to the pupil location of the objective. The 
system was designed in an inverted microscope configuration with the sample illuminated by the laser 
beam from the bottom. The excited PA signal was detected by a stationary ultrasonic transducer through 
water coupling.  Two types of stationary, ultrasonic transducers were custom-built according to the trade-
off between imaging FOV and detection sensitivity.  The non-focused transducer (lead magnesium 
niobate-lead titanate single crystal) had an effective acoustic NA of 0.05 [14].  The focused ultrasonic 
transducer (LiNbO3 single crystal) had an acoustic NA of 0.2. Both transducers had a center frequency 
of 40 MHz. 
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axis gave a FWHM FOV of 33 µm in the fast (X) axis direction and of 67 µm in the slow (Y) axis 
direction.  The asymmetry between the two axes is due to the aspherical focusing of the ultrasonic 
transducer. 
The peak response of the non-focused ultrasonic transducer was recorded when it was 650 µm 
away from the black tape sample surface. The peak response of the focused ultrasonic transducer was 
recorded when it was 2 mm away from the black tape sample surface. The focused ultrasonic 
transducer provided a 6 dB greater peak response than the non-focused ultrasonic transducer at the 
cost of imaging FOV. 
The lateral resolution of the OR-PAM system was determined by the NA of the optical 
objective [7]. We evaluated the system’s lateral resolution by imaging Au nanowire particles 
(product number 50-30-6000, 30 by 6000 nm, Nanopartz, Inc.). A total of 11 measurements of 
the line spread function were documented (Table 1) and analyzed for the lateral resolution. The 
laser beam of 5-nJ energy per pulse was scanned point by point on the sample surface, with 
256 A-line measurements at each point.  The average lateral resolution is 0.23 µm, and the 
standard deviation is 0.03 µm.  The lateral resolution 2.0 times less than the optical diffraction 
limit of 0.45 µm (0.51λ/NA) probably owing to nonlinear optical absorption of Au nanoparticles 
and nonlinear acoustic signal amplification due to laser generated nano-bubbles [15]. 
Table 1 
Measurement 1 2 3 4 5 6 7 8 9 10 11 
LR 0.235 0.283 0.218 0.254 0.264 0.221 0.208 0.186 0.191 0.187 0.259 
µ 0.23 
σ 0.03 
Unit: µm; LR-Lateral resolution; µ: Averaged lateral resolution; σ: Standard deviation  
The system B-mode imaging speed was calibrated by measuring the frame signal 
generated automatically by system software during B-mode imaging.  For frame sizes of 4096, 
2048, and 1024 A-lines, the frame rates were 22, 43, and 81 Hz, respectively. The ratio of the 
overhead time to the frame period decreased with increasing frame size.  
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To demonstrate cellular imaging, a thin blood smear was prepared, and a 250 µm ×125 µm patch on 
the specimen slide was imaged with the stationary, non-focused ultrasonic transducer with a laser pulse 
energy of 20 nJ.  Each B-scan image had 2048 A-lines.  512 B-mode images were acquired for each 3D 
image.  The RBCs in Fig. 2 showed opposite contrast to conventional transmission optical microscopy, 
i.e., positive PA signal amplitudes from the RBCs and no signal from the background. Shadows at the 
center of the RBCs are due to their biconcave structures.  
 
Fig. 2. Maximum amplitude projection (MAP) PA image of red blood cells on a 250 µm × 125 µm 
specimen slide patch. 
(3) In vivo, real-time, four-dimensional (4D) microcirculation imaging 
To demonstrate in vivo, real-time, four-dimensional (4D) microcirculation imaging, repeated 2D raster 
scans of 100 by 50 points on a 100 µm × 50 µm skin patch on a mouse ear were made with a laser 
pulse energy of 26 nJ. A data set of 256 3D images was continuously recorded in 14.2 seconds and 
streamed into a 4D microcirculation movie.  A 4D imaging speed of 18 3D volumes per second was 
achieved for repeated 2D raster scans of 100 by 50 points. The corresponding 2D B-scan (50 A-lines) 
frame rate was 1800 Hz while the 1D A-scan rate was 90,000 Hz.  Three MAP images extracted from a 
4D movie (Multimedia file 1) are shown in Fig. 3, with flowing RBC clusters identified with red arrows.  No 
damage to the mouse ear tissue was observed after imaging with 40 nJ laser pulse energy [7]. 
 
                 (A)                                                     (B)                                                     (C) 
Fig. 3. Representative maximum amplitude projection (MAP) PA images (A-C) of a 50 µm × 25 
µm mouse ear patch extracted from a 4D movie 
(2) In vitro red blood cell sample imaging 
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Conclusions 
In summary, we demonstrated a high-speed, high-resolution OR-PAM system in an inverted microscope 
configuration with a nanosecond pulsed laser (pulse repetition rate 100,000 Hz), and a stationary 
ultrasonic transducer.  The lateral resolution is 0.23 ± 0.03 µm for Au nano-wire imaging, which is 2.0 
times below the diffraction limit.  4D imaging of microcirculation in a mouse ear was achieved at 18 3D 
volumes per second for repeated 2D raster scans of 100 by 50 points. The corresponding 2D B-scan 
(50 A-lines) frame rate was 1800 Hz.  The high imaging speed makes this cellular imaging system 
suitable for demanding dynamic cellular imaging applications such as in vivo flow cytometry of circulating 
cancer cells conjugated with Au nano-particles. 
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